Abstract. Over the past few decades, nanocrystal formulations have evolved as promising drug delivery systems owing to their ability to enhance the bioavailability and maintain the stability of poorly watersoluble drugs. However, conventional methods of preparing nanocrystal formulations, such as spray drying and freeze drying, have some drawbacks including high cost, time and energy inefficiency, traces of residual solvent, and difficulties in continuous operation. Therefore, new techniques for the production of nanocrystal formulations are necessary. The main objective of this study was to introduce a new technique for the production of nanocrystal solid dispersions (NCSDs) by combining high-pressure homogenization (HPH) and hot-melt extrusion (HME). Efavirenz (EFZ), a Biopharmaceutics Classification System class II drug, which is used for the treatment of human immunodeficiency virus (HIV) type I, was selected as the model drug for this study. A nanosuspension (NS) was first prepared by HPH using sodium lauryl sulfate (SLS) and Kollidon® 30 as a stabilizer system. The NS was then mixed with Soluplus® in the extruder barrel, and the water was removed by evaporation. The decreased particle size and crystalline state of EFZ were confirmed by scanning electron microscopy, zeta particle size analysis, and differential scanning calorimetry. The increased dissolution rate was also determined. EFZ NCSD was found to be highly stable after storage for 6 months. In summary, the conjugation of HPH with HME technology was demonstrated to be a promising novel method for the production of NCSDs.
INTRODUCTION
More than 40% of drugs developed by the pharmaceutical industry are poorly soluble in water (1, 2) . With the introduction of high-throughput screening (HTS) methods for the discovery of new drugs (3), the amount of poorly watersoluble drugs is increasing rapidly. Most drugs are administrated orally, as it is the most common and convenient route for drug delivery, so poor solubility often leads to poor gastrointestinal absorption, and thus poor bioavailability (4, 5) . Solubility is also a critical parameter to be considered in parenteral formulations (6) . Thus, enhancement of the dissolution rate of poorly soluble drugs remains one of the most challenging tasks for pharmaceutical scientists.
Various approaches have been employed to improve the dissolution rate of certain poorly water-soluble drugs. For example, salt formation is a chemical method used to make a drug into a prodrug to improve the dissolution rate. However, this method can only be applied to weakly acidic or basic drugs, not those with neutral pH (5) . Incorporating drug molecules into cyclodextrin is also an effective way to enhance their dissolution rate, but this method requires a certain molecular size and conformation (7) . The currently available dissolution rate enhancement methods are limited to drugs with certain properties such as acid-base properties, molecular size, and conformation.
Production of a solid dispersion (SD) is one of the most extensively studied methods of improving the dissolution rate of poorly soluble drugs. A SD can be defined as a solid system of a poorly water-soluble drug or drugs dispersed in an inert carrier, with the drug usually in the amorphous state (5, 8) . The amorphous form of drug usually has more free energy than the crystalline counterpart, which leads to an increased dissolution rate (9) . However, this high free energy also tends to create thermodynamic instability, which is a major drawback of amorphous SDs. Recrystallization is usually observed during the storage of SDs (9) (10) (11) .
In order to solve the recrystallization problem, initially formulating drugs into a crystalline state in a smaller batch is a feasible method. It has been reported that the micronization of drug powders to particle sizes of between 1 and 10 μm is not sufficient to overcome bioavailability problems of very poorly soluble drugs (12) , so the natural progression is to move from micronization to nanonization, the production of nanocrystals. Nanocrystals are crystals with a particle size below 1000 nm. The reduction in particle size increases the surface area, which directly affects the dissolution rate. Thus, by decreasing the particle size, a higher dissolution rate can be achieved. This can be explained with the help of the Noyes-Whiney equation (13) :
where dW/dt is the rate of dissolution, A is the surface area of the solid, C is the concentration of the solid in the bulk dissolution medium, C s is the concentration of the solid in the diffusion layer surrounding the solid, D is the diffusion coefficient, and L is the diffusion layer thickness.
However, it has been reported that decreasing the particle size below a critical value of 1-2 μm increases the saturation solubility (12) . This can be derived from the Kelvin equation, below, which is usually used to describe the vapor pressure of a curved droplet but can also be used to describe the dissolution process, in which P and P 0 represent the actual and saturated dissolution pressure (14):
where γ is the surface tension, V m is the molar volume of the liquid, R is the universal gas constant, r is the radius of the particle, and T is the temperature. As it can be seen from the equation, P 0 directly depends on r. A decrease in r means a decrease in the particle size, which will increase the saturated dissolution pressure and thus increase the saturated solubility. The methods for production of nanocrystals can be divided into two basic types: bottom-up technologies (controlled precipitation/crystallization) and top-down technologies (media milling/high-pressure homogenization [HPH]) (15) . Currently, five nanocrystal products have been approved by the US FDA, all of which are based on top-down technologies (four of these products are prepared by wet ball milling and one is prepared by high-pressure homogenization) (16) , which indicates that the top-down process is more industrially feasible (17) . After completion of these processes, the drugs are present in a suspended state as a nanosuspension (NS). However, it is usually important for the NS to be transformed into a solid product, both for physical stability and for patient convenience (16, 18) . The most widely used processes for transformation include freeze-drying and spray drying (19) . However, these two methods have several disadvantages, such as high cost, time and energy inefficiency, and residual solvent trace (20) . In addition, it is difficult to make the production process continuous. There is therefore a need for a new technology to complete the transformation process.
Hot-melt extrusion (HME) is considered as a promising technique in the pharmaceutical industry because of its advantages compared to other conventional techniques, such as being a solvent-free, continuous process with no timeconsuming steps (21, 22) . These characteristics make HME an appropriate candidate for the solidification of NSs. HME has been used to make a variety of dosage forms, including pellets (23), tablets (24) , transdermal films (25, 26) , implants (27) , and solid lipid nanoparticles (SLNs) (28, 29) . However, the preparation of nanocrystal solid dispersions (NCSDs) by combing HPH and HME is not yet explored much (30) .
Hot-melt extrusion technology has been previously utilized by Baumgartner et al. 2014 to prepare a nanoformulation; however, the authors used a media milling technique to prepare the nanosuspension, which was further processed through the hot-melt extruder to convert it into nanocrystals. In this 2014 study, the media milling technique utilized to prepare the nanosuspension was a time-consuming process taking about 24 h (30). However, the primary objective of the current study was to develop a new, less time consuming method for preparing a NCSD by using HME technology after HPH. The first step was to prepare a NS using HPH, and then the resulting suspension was extruded via HME with the help of a selected polymer (Soluplus®) to obtain a NCSD. This overall process took less than 1 h to complete. In addition, various physical and chemical properties were evaluated within the NCSD. Finally, the stability of the NCSD extrudates was studied for the first time (30) .
MATERIALS
Efavirenz (EFZ) was purchased from Ria International LLC (East Hanover, NJ, US). Sodium lauryl sulfate (SLS) was purchased from Fisher Scientific (Hanover Park, IL, US). Kollidon® 30 and Soluplus® were kindly donated by BASF SE (Ludwigshafen, Germany). All other reagents used in this study were of analytical grade.
METHODS

Preliminary Study
A preliminary study was carried out to evaluate the formulation and process parameters to be used in the preparation of the NCSD. The three most critical parameters in the HPH process were found to be drug concentration, homogenization pressure, and time, while in the HME process, the parameters taken into consideration were the ratio of NS to polymer, feeding rate, barrel temperature, screw configuration, screw speed, and zone for NS addition. All of these parameters were optimized to successfully prepare a NCSD by HPH-HME technique.
Preparation of EFZ NS
EFZ NS was prepared by HPH technique. Briefly, different concentrations of EFZ powder (2 and 4%, w/v) were poured into an aqueous surfactant solution (Kollidon® 30, 1.0%w/v and SLS 0.5%w/v) (31) and further mixed on a magnetic stirrer at 500 rpm for 12 h in order to achieve complete dispersion of EFZ in the solution. After dispersion, the mixtures were homogenized using a T25 digital ULTRA-TURRAX® basic homogenizer (IKA-Werke, Staufen, Germany) at 15,000 rpm for 5 min. The resulting suspension was further homogenized using an EmulsiFlex-05 high-pressure homogenizer (Avestin Inc., Ottawa, Canada) at 1500 bar for selected cycles.
Preparation of EFZ NCSD
NCSD was prepared by mixing aqueous phases of NS and polymer (Soluplus®) using an 11-mm co-rotating twin-screw extruder (Thermo Fisher Scientific, Waltham, MA, USA). The extruder consists of eight zones, the individual temperature of which, excluding zone 1, can be precisely controlled. The barrel was maintained within a temperature range of 100-140°C. Soluplus® was fed into the extruder via an 11-mm single-screw feeder (Thermo Electron, Karlsruhe, Germany) at a feeding rate of 1% (approximately 1.2 g/min). NS was injected into zone 5 using a 520S pump (Watson Marlow, Golden, Colorado, US) at 0.3 rpm (approximately 0.6 g/ min). The screw speed was set at 50 rpm.
CHARACTERIZATION AND EVALUATION
Solubility of EFZ
The solubility of EFZ was assessed at room temperature. EFZ (20 mg) was added to glass vessels containing 20 mL of ultrapurified water. The glass vessels were then placed on an MTS 2/4 microtiter shaker (IKA, Wilmington, NC, US) operated at a speed of 200 min −1 for 24 h. The samples were then withdrawn and centrifuged at 6000 rpm for 5 min. The supernatant was analyzed using a GENESYS 6 ultraviolet-visible (UV-vis) spectrophotometer (Thermo Scientific, Madison, WI, US). The experiment was then repeated at least three times for all the samples. The means and standard deviations were then calculated.
Particle Size and Zeta Potential
As stated above, particle size can significantly affect the dissolution velocity and saturation solubility. Zeta potential is one of the critical parameters affecting the stability of NS (32) . These two parameters were measured using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). The NS sample was first diluted with sufficient ultra-purified water, and then the diluted sample was transferred to a cuvette for measurement. Dynamic light scattering was used to measure the Zaverage and polydispersity index (PDI). Laser Doppler 
Loss on Drying
Soluplus® was extruded using identical processing conditions to those used for NCSD, and then NCSD and Soluplus® were 
Differential Scanning Calorimetry
A Diamond DSC (PerkinElmer, Shelton, CT, US) was used to measure the degree of crystallinity of the samples. The instrument's Pyris manager software was utilized to analyze the data. About 2-5 mg of samples were weighed and hermetically sealed in an aluminum pan. The heating rate was set at 20°C/min from 20 to 200°C under an inert atmosphere of nitrogen at a flow rate of 20 mL/min.
Drug Content
The extrudate was first milled to a fine powder. Accurately weighed powder (10 mg) was dissolved in 10 mL of methanol and then diluted 10 times with methanol. The sample was analyzed by UV-vis spectrophotometry.
Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to determine the morphology of pure EFZ and EFZ NCSD. Adhesive carbon tape was used to mount the sample onto an aluminum stage, and then the samples were sputter coated with gold under an argon atmosphere using a Hummer 6.2 Sputter Coater (Ladd Research Industries, Williston, VT, US). The coater was kept in a high-vacuum evaporator equipped with an omni-rotary stage tray to guarantee a uniform coating. Finally, images were captured using a JSM-5600 scanning electron microscope (JEOL USA, Inc., Waterford, VA, US) at an accelerating voltage of 5 kV.
In Vitro Drug Release Study
The dissolution media used was 900 mL of 0.2% SLS in 0.1 M HCL (pH 1.2, simulated gastric medium) (33) . SR8-plus™ dissolution apparatus (Hanson, Chatsworth, CA, US) was maintained at 37±0.5°C and the paddle speed was set at 50 rpm. Milled extrudates equivalent to 10 mg of EFZ were filled into capsules (size 0) for dissolution. Samples were collected at intervals of 5, 15, 30, 60, and 120 min through a stainless steel cannula with a 0.2-μm nylon filter tip attached to a 2.5-mL syringe. The samples were analyzed directly using a UV-vis spectrophotometer.
UV Analysis
Samples were analyzed using a GENESYS 6 UV-vis Spectrophotometer (Thermo Scientific, Madison, WI, US) at a wavelength of 247 nm. The standard curve was linear over the range of 1-50 μg/mL with an R 2 equal to 0.9998. 
Stability Test
Stability studies were conducted to determine the effect of storage on the physical and chemical properties of the drug in two formulations (see Table I for formulation compositions). Milled extrudates were stored in screw-capped glass vials at realtime storage conditions (25°C/60 relative humidity [RH]). Samples were taken at 1-, 2-, 3-, and 6-month intervals and characterized by dissolution and micromeritics studies. For the micromeritics studies, the extrudates were dispersed in ultrapurified water and then vortexed for 30 s. The resulting dispersions were then analyzed using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK).
RESULTS AND DISCUSSION
Preparation of EFZ NS
Three different drug loadings (2, 4, and 8%w/v) were assessed to determine the highest drug content that can be used for NS. Before the HPH process, a regular homogenizing process (using a ULTRA-TURRAX® basic homogenizer) was carried out to pretreat the EFZ dispersion. This method significantly reduced the processing time for HPH as the size reduction was partially completed. The two formulations did not block HPH during processing. However, HPH blockage was observed during the first few cycles of 4% formulation processing. This issue was easily fixed by pretreating the formulation using a regular homogenizer. However, this was not true in the case of the 8% formulation as it blocked the HPH during processing, even after pretreatment, indicating that 8% drug loading was too high for the HPH used in this study. Thus, the highest drug loading that was used was 4%.
Different cycles of homogenization were carried out to determine the optimum homogenization parameters (Fig. 1) .
The particle size of NS A (2% drug loading) was stable at around 320 nm after 20 homogenization cycles. Even after a few more homogenization cycles, there was no significant decrease in the particle size. Apart from particle size, polydispersity index (PDI) is also a very important parameter for NSs. A small PDI value indicates a narrow size distribution, LOD loss on drying Fig. 7 . In vitro drug release profiles for pure efavirenz, extrudate A, and extrudate B Fig. 8 . Appearance of milled a extrudate A, b extrudate B, and c Soluplus® whereas a high PDI value indicates a broad size distribution. Usually, a PDI value below 0.5 is acceptable (34) . The HPH process was optimized, and after 25 homogenization cycles for NS A, the PDI value decreased to below 0.5. Similarly, the HPH process was optimized for NS B (4% drug loading), and after 45 homogenization cycles, the particle size was stable at around 350 nm and the PDI value was below 0.5. It has been previously reported that a zeta potential of ±20 mV is sufficient to make a dispersion physically stable (35) . In this study, the zeta potentials for all resulting homogeneous materials were in the range of −20 to −30 mV, indicating that Kollidon® 30 and SLS were able to maintain the zeta potential within the desired range.
Selection of Suitable Polymers
The first step of the HME process was to choose an appropriate polymer. It is critical that the selected polymer is stable at the extrusion temperature and has the appropriate thermoplastic behavior to make melt extrusion possible (extrudable) (36) . The glass transition temperature (T g ) is an important parameter affecting the extrudability of polymers because a high T g will require a high temperature for processing, and in such situations, the API may degrade (37) . As per the literature, the suitable T g range for the HME process is considered to be between 50 and 180°C (38) .
However, in this study, the T g requirement is even more stringent. EFZ is a poorly water-soluble (9.2 μg/mL, pH 8.7, 25°C) lipophilic (log P=5.4) drug with a crystalline state. The melting temperature (T m ) of EFZ is around 140°C (39) . To maintain the crystalline state of EFZ, the HME operating temperature must be kept below 140°C. Generally, the extrusion process is carried out at least 20-40°C above the T g (40) ; thus, there is a need to choose a polymer with a T g below 100°C. It is also important that the polymer is soluble in water in order to produce a homogeneous NCSD. Finally, there is a period when only the polymer is present in the barrel, so the operation temperature for the pure polymer is another important parameter.
Only a few polymers satisfy the above mentioned requirements, including Soluplus®, a graft copolymer composed of polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol. It is a polymeric solubilizer with an amphiphilic chemical structure, making it an excellent solubilizer for poorly watersoluble drugs in aqueous media. Furthermore, it has a low T g of about 70°C, which also makes it a suitable choice for this study (41) . The approximate temperature range for pure Soluplus® for use in HME was reported to be in the range of 120-200°C (42).
Experimental Setup
A schematic illustration of NCSD production by HPH-HME technique is shown in Fig. 2 . Two parts were included in this system-a high-pressure homogenizer and a hot-melt extruder. For this study, we used a modified screw configuration, as shown in Fig. 3 . The first zone of the extruder was used for feeding the polymer (Soluplus®) into the extruder barrel using a feeding hopper. The elements used in this section were 2.0 L/D feed screws (conveying elements), which had sufficient free volume to take in the purging material for cleaning after processing. The 1.0 L/D feed screws in zone 2 were used to compact the polymer and transport it forward. The temperature of 140°C applied to this section assisted in the melting of the polymer, thus decreasing the torque in the next mixing zone. The temperature of zone 3 was set at the same value as that of zone 2. Three kinds of mixing elements with 30°, 60°, and 90°offset angles were successively assembled and installed in the barrel. This setting provided enough energy for the melting of the polymer and avoided any rapid increase in the torque. Zones 4 and 5 were both formed of conveying elements, and the NS can be injected in any one of these zones. The temperatures were set at 120 and 110°C for zones 4 and 5, respectively, to avoid transformation of EFZ from the crystalline to the amorphous state. The water of the NS was expected to evaporate rapidly when the NS came into contact with the hot barrel and the molten polymer, and the EFZ nanocrystals would remain on the molten polymer. However, instant and complete evaporation of water was difficult to achieve, and a backflow phenomenon was observed after NS injection. Therefore, zone 5 was selected for the injection of the NS in order to provide more time and space for contact with the molten polymer, and to reduce the backflow of the NS. The 90°m ixing elements in zone 2 also assisted in this function. This screw configuration forced unevaporated NS to move back and forth between zone 4 and zone 5 until complete evaporation of water was achieved. Furthermore, this process would increase the contact between NS and the polymer, thus providing better distribution. Mixing elements with offset angles of 30°and 60°were used in zone 6. The kneading of these elements contributed to the homogeneous distribution of the matrix material. A 90°offset angle was not used in these mixing elements in order to avoid the generation and use of too much mechanical energy with the EFZ nanocrystals, which may result in the transformation of the crystalline state. The temperature for zone 6 and the remaining subsequent zones was set at 130°C, which would further eliminate the remaining water in the matrix material. In zones 7 and 8, 1.0 L/D feed screws were used to convey the matrix material to the die. Solidified extrudates coming out of the die were milled and processed for further analysis.
Crystallinity and Morphology of Extrudate
Differential scanning calorimetry was used to confirm the crystallinity of EFZ after extrusion (Fig. 4) . A single sharp endotherm peak was observed for pure EFZ at about 140°C (Fig. 4a) , which was identical to that of EFZ form I (39) . Since the drug loading in the extrudate was low, the thermograph was magnified, as shown in Fig. 4b . The endotherm peak around 140°C reappeared in both extrudates A and B. This indicated that the EFZ maintained crystallinity after the extrusion.
SEM was used to determine the morphology and distribution of the EFZ particles (Fig. 5) . Pure EFZ exists as sharp and long needles (Fig. 5a) . The particle size of EFZ was around 20 μm. After HPH and HME, the particle size of EFZ was further decreased to less than 1000 nm. The distribution of EFZ nanocrystals on Soluplus® is quite uniform (Fig. 5b) . The distance between different EFZ nanocrystals prevents them from coming into contact with each other, and the size consistency will prevent the occurrence of Oswald ripening (43) . These features thus establish the conjugated HPH-HME technique as a novel process to decrease the size of EFZ crystals that also aids in the uniform distribution of EFZ nanocrystals.
Drug Content and Residual Moisture
After extrusion, both extrudates were analyzed for drug content. The drug loadings of extrudates A and B were around 1.02 and 2.06%, respectively. The drug contents of extrucates A and B were 102.47±1.87 and 102.78±4.69%, respectively (Fig. 6) . This indicated that all the EFZ in the NS was enveloped in Soluplus®. Considering the low drug loading in the extrudates, EFZ nanocrystals were regarded as homogeneously distributed in the extrudates.
The mean LOD values for the Soluplus® extrudate A, and extrudate B were 2.10, 2.24, and 2.26, respectively (Table II) , which indicates that there were no significant differences in residual moisture between these three samples (p value >0.05). Thus, it can be concluded that all the water that was added during the process was evaporated. In Vitro Drug Release
In vitro drug release was assessed for pure EFZ and both the extrudates (Fig. 7) . As the aqueous solubility of EFZ is very low (recorded as 5.26±2.3 μg/mL), 0.2% SLS was added to the dissolution media in order to increase the saturation solubility of EFZ, as well as to maintain the sink condition.
Owing to the poor solubility and wettability, only 14.04± 0.80% of pure EFZ was released after 120 min of dissolution. Both extrudate A and B showed markedly enhanced dissolution rates with 96.86±0.99 and 96.20±1.26% drug release overserved for extrudate A and B, respectively. It is evident that HPH-HME successfully increased the dissolution rate. This effect could have partially resulted from decreasing the particle size, or from the increase in the wettability of EFZ caused by Soluplus®.
Although the same percentage drug release was reached at 120 min, it was observed that the release from extrudate B was slower than that from extrudate A. The difference in the dissolution velocity may be because of the different ratios of Soluplus® and EFZ. In extrudate B, EFZ was surrounded by a relatively smaller amount of Soluplus® compared to that in extrudate A. The different appearances of milled extrudates A and B supported this assumption (Fig. 8) . In extrudate A, EFZ nanocrystals were completely covered by Soluplus®. Therefore, the milled extrudate A was the same yellowish color as the pure Soluplus®. However, the appearance of extrudate B was white, which may be because of the uncovered EFZ. This difference will result in slower wetting of EFZ, thus decreasing the dissolution velocity of extrudate B.
However, the differences between these two formulations were not significant. The similarity factor (f 2 ) was calculated to determine the similarity between the two formulations. The equation used to calculate f 2 is where R t and T t are the dissolution value at time point t of the reference and test product, respectively. According to US FDA guidance for industry, two dissolution profiles are considered similar when the f 2 value is greater than 50 (44) . The calculated f 2 value was 55.0, which indicated that the two formulations were similar.
Stability Testing
Stability testing was conducted for both formulations by storing at 25°C/60% RH for a period of 6 months. At various time points, samples were removed from storage and tested for in vitro drug release and micromeritics.
The release profiles for both the extrudates (A and B) were unchanged over the storage period of 6 months (Fig. 9) . The f 2 values were calculated versus the initial extrudates for both the extrudates (Table III) . All the f 2 values were greater than 50, which indicated that the release profiles obtained for both the extrudates at each time point were similar to the initial release profiles.
Comparison of particle size, PDI, and zeta potential was conducted for the extrudates at each time point (Table IV) .
There was no significant change observed at any time point (p value>0.05).
All the above data indicates that the EFZ NCSD prepared by HPH-HME technique possesses good stability for a period of 6 months at 25°C/60 RH.
CONCLUSION
The current work investigated the use of a novel conjugation of HPH and HME techniques to continuously produce NCSD. This technique helps to overcome the nanocrystal formulation problems that are associated with the conventional methods. By using this technique, an increase in the dissolution rate was achieved as a result of the decreased particle size and increased surface area, and also owing to the improved wettability. The good stability was attributed to the maintained crystalline state of the drug.
